Abstract-This paper deals with the use of Frequency Selective Surfaces (FSS) to increase the Efficiency × Bandwidth product in Ultra-Wide Band (UWB) antenna arrays whose efficiency is limited by the front-to-back ratio. If the backing reflector is realized in one metal plane solution its location will be suitable as antenna ground plane only on a limited frequency range. In order to extend the higher frequency range of usability, an FSS can be sandwiched between the antenna and the ground plane. Ideally this FSS will not affect the behavior of the antenna at lower frequencies. The trade-offs that lead this type of designs will be discussed, having in mind a scenario with several antennas sharing the same platform or an unique UWB antenna array operating on the concept of connected arrays.
I. INTRODUCTION
Current trends in the design of military ship masts go toward integration of several functionalities on the same platform. In view of this, planar and quasi-planar broadband antennas with large scanning capabilities are required. Existing solutions, such as the Vivaldi antenna [1] show good performances at the cost of low cross polarization purity. On the other hand, if a planar antenna is adopted an issue with the front-toback ratio may arise. For example the connected array without backing reflector as described in [2] shows a 50% efficiency. A backing reflector could be placed at a fourth wavelength distance at the center of the operating band of the antenna to achieve coherent sum of the radiated and reflected waves at the antenna plane. However, since the effectiveness of the backing reflector is optimal in a limited frequency band, the improvement of the front-to back ratio comes at the expense of the antenna bandwidth. In this sense, it introduces a limitation in the design of broadband antennas in printed technology.
In this paper we present a study of the trade-offs of the the antenna performances associated to the use of FSSs in combination with a conventional ground plane.
Recently, resistive FSSs [3] and Electronic BandGap structures (EBGs) [4] have been proposed to enlarge the operating bandwidth that would be obtained with conventional ground planes.
In [4] EBGs are designed to extend the bandwidth of operation of an UWB connected array which, however, in the lower frequency range is backed by an absorbing layer. This choice was also dictated by the fact that the lowest frequencies discussed in [4] are so low that a backing metallic reflector would be located at distances from the antenna plane in the order of half a meter.
In this paper the step to systems which aim to good front to back ratios without resistive loading is attempted. Facilitating the effort is the fact that the frequencies considered in this paper are higher than in [4] and they include Radar and SATellite COMmunication (SATCOM) frequency bands for naval application from 5 to 15 GHz.
II. FSS DESIGN
The frequencies allocated for the SATCOM antennas operating in the Ku-band are 10.7 -12.7 GHz for the receiving channel and 14 -14.5 GHz for the transmitting channel. An implementation for a naval platform resorting to phased arrays would require scanning up to ± 45
• in elevation. If the antenna is designed in printed technology a metallic backing reflector should be placed at a distance λ/4 at the center of the frequency band, which corresponds to around 6 mm at 12.6 GHz for broadside direction. Thus, for that frequency, the phase difference between the field reflected by the backing plane and the field directly generated by the antenna is equal to 0
• . The variation of the phase response versus the frequency (i.e. the deviation from the ideal coherent sum between direct and reflected field) can be easily determined by modeling the metallic plate behavior as a short-circuited transmission line and results in ±30
• in the range 10.7 -14.5 GHz for normal incidence.
A theoretical implementation of the backing reflector may consist of two perfectly metallic ground planes positioned at a distance of λ/4 for the transmitting and the receiving channel respectively (in the present case around 6.5 mm at 11.7 GHz and around 5.3 mm at 14.25 GHz). Such configuration would imply a phase variation of ±15
• in the range 10.7 -12.7 GHz and ±3
• in the range 14 -14.5 GHz. A possible procedure to implement the two configurations simultaneously is the use of a resonating patch-type FSS in combination with a standard metallic backing reflector. The latter should act as a reflecting plane for the lower frequencies while the FSS should carry out the same task for the higher frequencies. The minimal phase variation that would be achieved by an ideal FSS-ground plane configuration is the one associated to the separate ground planes implementation indicated before. Moreover, an FSS has a definite roll-off region for the reflection/transmission coefficient.
In view of this, the minimization of the variation of the phase as function of the frequency as well as the minimization of the roll-off region have been the design drivers. In addition the FSS will have to cope with scanning angles up to ±45
• in elevation.
A single-layer FSS has been considered. With respect to a multi-layer option, a single-layer structure is easier to fabricate and allows to mitigate any problem related to power dissipation. The FSS is designed on a dielectric foam slab, assumed equal to vacuum from an electrical point of view. The final layout consists on metallic four-legged loaded elements arranged in a square lattice. This type of element could allow for a very packed lattice, since the element length is about half of that of classical shapes. Compact lattices imply angle independence of the FSS performances [5] . On the other hand, diminishing the lattice periods increases the dimension of the roll-off region. In view of this trade-off, a period in both dimensions of 11.62 mm was chosen to avoid grating lobes up to 15 GHz for any of the foreseen scanning angles. The FSS unit cell is depicted in the inset of Fig. 1 and the relevant dimensions of the elements are l = 7.13 mm, b = 1.8 mm and w = 0.4 mm. In the same figure the magnitude of the FSS reflection coefficient is plotted for angles of incidence up to 45
• . The phase of the combined backing reflector consisting of FSS and ground plane is shown in Fig. 2 for the same angles. All simulation results were obtained by using Ansoft Designer. A way to reduce the roll-off would be to design a multilayer structure consisting of equal FSSs cascaded at a distance of λ/4 [6] . Considering a dual layer solution, at 14.25 GHz the FSS would be about 5 mm thick. Therefore, the FSS would not fit in the available space, which is determined by the distance between the ground plane and the FSS itself and according to the discussion reported at the beginning of this section is 1.2 mm. The maximum variation of the phase response obtained for the single-layer FSS with respect to frequency and angle of incidence is compared in Tab. I with the values corresponding to the ideal theoretical case of two ground planes (GP). Another possible solution for a backing plane relies on the Artificial Magnetic Conductor (AMC), as suggested by several authors (e.g. [3] , [7] ). Also in this case the structure is composed by the combination of an FSS and a metallic ground plane, but the former is usually designed in order to have a resonance frequency much higher than the operative frequency. Basically, such a backing plane shows the same phase behavior of a normal metallic plate, just allowing the antenna to be very close the the backing plane itself, thus leading to a more compact structure. Consequently, a backing plane resorting on AMC could be interesting to save space, especially when dealing with low frequencies, but it clearly does not exhibit multi-band operations, having the same capability of a normal metallic ground plane.
III. DIPOLE ARRAY ANTENNA
The performances of the combined backing reflector consisting of FSS and metallic plate have been further investigated for a two-antennas system, consisting of two dipole phased arrays sharing the same ground plane. Note that the FSS design presented in the previous section was aimed at separating the two channels of the Ku-band SATCOM antenna, in order to evaluate the capability of properly dealing with two very close frequency bands. The same design is now applied to bands that are much farther apart, which is the final goal of this work.
One array antenna is used for the transmitting channel of the Ku-band SATCOM (14 -14.5 GHz) and the other antenna for the receiving channel of the X-band SATCOM (7.25 -7.75 GHz). The high frequency dipoles are 10.3 mm long and 1 mm wide. The low frequency dipoles have been folded to fit in this lattice leading to dipoles 10.3 mm long and 1 mm wide, capacitively loaded with horizontal arms of length 6 mm and thickness 1 mm. Both arrays have a square lattice of 11.62 mm side.
The composite backing reflector should function in a band that spans from 5 to 15 GHz. For this purpose, the singlelayer FSS described in Sec. II, resonating at 14 GHz, has been used as reflector for the high frequency band and placed at a distance of 5.95 mm from the antenna. The metallic plate, meant to function as reflector in the low frequency range, has been placed at a distance of 9.58 mm (λ/4 at 7 GHz). Fig. 3a and Fig. 3b show the reflection coefficient associated to the active impedance of the dipole arrays in presence of only the metallic plate, operating on the low and high frequency band respectively, for broadside radiation and scanning. The reflection coefficient in presence of the combined FSS/metal reflector is plotted in Fig. 4a and Fig. 4b . Both results are obtained by using Ansoft HFSS. It appears that while the return loss is practically unchanged in the two cases for the lower frequency band, a significant improvement is achieved for the higher frequency band. 
Magnitude of the active reflection coefficient of a) the dipole array operating in the low frequency range (normalizing to a port impedance of 175 Ω) and b) the dipole array operating in the high frequency range (normalizing to a port impedance of 150 Ω), both with a conventional metallic backing reflector. A simple drawing of the antenna dipole used is depicted in the inset.
Note that even if for the sake of simplicity narrow band dipoles have been considered as preliminary antennas, it is reasonable to expect that an antenna operating in the frequency range 5 to 15 GHz could benefit from such "extended" ground planes as well. 
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Magnitude of the active reflection coefficient of a) the dipole array operating in the low frequency range (normalizing to a port impedance of 175 Ω) and b) the dipole array operating in the high frequency range (normalizing to a port impedance of 150 Ω), both with a combined FSS/metal reflector. A simple drawing of the antenna dipole used is depicted in the inset.
IV. 2-D LONG SLOT CONNECTED ARRAY
The bandwidth of a connected array of slots [2] , only limited by the metallic backing reflector, can be increased by using the same approach suggested in the previous sections. The final structure looks like the one shown in Fig. 5 .
The FSS considered in this case is of the same type described in Sec. II with the following geometrical parameters: l = 8.33 mm, b = 1.8 mm and w = 0.4mm. The FSS square lattice has a side of 8.5 mm. In the antenna, the slot width is equal to w s = 0.1 λ max , where λ max is the wavelength at the upper frequency. The periodicity of the feeds of the long slots is the one of the FSS cell.
Following the steps outlined in [8] , it is possible to derive, also for a configuration involving a loading FSS, an expression for the Green's function and the active impedance of the connected array. In the equivalent transmission line model of the planar structure, the discontinuity introduced by the FSS is described by an N-port network placed in parallel [6] . This network describes the interactions among N modes, TE and TM, of the pertinent Floquet mode expansion. Even if only the fundamental Floquet mode is in propagation in the considered frequency range, due to the proximity of the ground plane and of the slot plane the higher order modes introduce some reactive loads. For the sake of brevity all the details of the procedure are not reported here and we just present the results for the active impedance of the considered connected array. Fig. 6 shows a comparison between our results for the active impedance and the ones obtained with the commercial tool Ansoft HFSS for a connected array at a distance h 1 = 3.2 mm from the considered FSS, which is in turn at a distance h 2 = 6.2 mm from the ground plane. In our simulations a N=18 ports network has been used. Good agreement is obtained on the entire analyzed frequency range.
Finally the active reflection coefficient of the connected array over the double ground plane consisting of the FSS and a real perfect reflector is plotted in Fig. 7 together with the reflection coefficient of the free-standing FSS. This figure clearly shows that by using the FSS as second reflector it is possible to add another working band in the considered frequency range, while preserving the overall efficiency of the system. Moreover, it appears that these two bands are separated by a frequency region where the combined backing reflector shows poor performances. However, since this region corresponds to the roll-off region of the FSS, its width and position can be changed by acting on the FSS geometry.
V. CONCLUSIONS
This paper showed that it is possible to extend the higher frequency range of usability of an antenna that operates on top of a metallic reflector by sandwiching between the antenna and the ground plane a Frequency Selective Structure. In particular the trade offs that guide the design of the FSS have been described and some preliminary examples of multi band or UWB array antennas functioning in the presence of these hybrid reflecting structures have been shown. In a further extended paper an hardware demonstrator and the results of the measurements campaign will be presented. Comparison between the active impedance calculated using the derived expression of the Green's function and the results obtained with HFSS. 
